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Introducing the novel technique for enhancing oil recovery from available petroleum reservoirs is
one of the important issues in future energy demands. Among of all operative factors, wettability
may be the foremost parameter affecting residual oil saturation in all stage of oil recovery. Although
wettability alteration is one of the methods which enhance oil recovery from the petroleum
reservoir. Recently, the studies which focused on this subject were more than the past and many
contributions have been made on this area. The main objective of the current study is experi-
mentally investigation of the two nonionic surfactants effects on altering wettability of reservoir
rocks. Purpose of this work is to change the wettability to preferentially the water-wet condition.
Also reducing the residual oil saturation (Sor) is the other purpose of this work. The wettability
alteration of reservoir rock is measured by two main quantitative methods namely contact angle
and the USBM methods. Results of this study showed that surfactant ﬂooding is more effective in
oil-wet rocks to change their wettability and consequently reducing Sor to a low value. Cedar
(Zizyphus Spina Christi) is low priced, absolutely natural, and abundantly accessible in the Middle
East and Central Asia. Based on the results, this material can be used as a chemical surfactant in
ﬁeld for enhancing oil recovery.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Wettability is a tendency of a ﬂuid to spread on or adhere to a
solid surface in the presence of other immiscible ﬂuid. The ﬂuid
that spread or adheres to the surface is known as the wetting
ﬂuid. In the petroleum reservoir, the solid surface is the reservoir
rock which may be sandstone, limestone, or dolomite, together
with cementing material. The ﬂuids are water, oil, and gas., amirpour.masud@gmail.
troleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bNormally either water or oil is the wetting phase. Gas is always a
nonwetting phase [1,2]. Wettability is perhaps the most impor-
tant factor that affects the rate of oil recovery and the residual oil
saturation, which is the target of enhanced oil recovery tech-
nology. Wettability controls the rate and amount of spontaneous
imbibition of water and the efﬁciency of oil displacement by
injection water, with or without additives [3]. Wettability of a
system can range from strongly water-wet to strongly oil-wet
depending on the brined interactions with the rock surface [3].
In a water-wet system, water will occupy the narrowest pores
and will be present as a ﬁlm on the pores wall while oil will
reside as oil droplets in the middle of the pores. The reverse ﬂuid
distribution will exist in the case of an oil-wet reservoir. A core
sample which imbibes only water spontaneously is said to be
water-wet; one that imbibes oil spontaneously is called oil-wet.
Samples imbibing neither water nor oil are said to be neutral wet
[4].ing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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two immiscible ﬂuids across a curved interface at equilibrium.
Curvature of the interface is the consequence of preferential
wetting of the capillary walls by one of the phases [3]. In other
word the capillary pressure is deﬁned as the pressure difference
between the non-wetting and wetting phases:
Pc ¼ Pnw  Pw (1)
Where Pw is wetting phase pressure and Pnw is non-wetting
phase pressure. In water-oil-rock system (the rock is water-
wet), this formula can deﬁne:
Pc ¼ Po  Pw (2)
Where Pw is the water pressure and Po is the oil pressure. Now
consider the rise of a ﬂuid in a capillary tube as shown in Fig. 1
[5].
There are three laboratory methods that are commonly used
to measure primary drainage capillary pressure in a rock, (1) the
porous plate (restored-state) method, (2) the centrifuge method,
and (3) the mercury injection technique [6].
For the ﬁrst time, in 1990, Glotin et al. [7] compute capillary
pressure curves from centrifuge and developed for both drainage
and imbibition. The methods were applied to experimental data.
Results showed that accurate determination of drainage capillary
pressure curve can be obtained and negative capillary pressure in
imbibition and residual oil saturation were also determined.
Dullein and Fleury (1994) [8] were analyzed the Pc curves
attained by centrifuge in order to achieve the USBM wettability
test. Their results showed: A) Capillary pressure curves represent
saturation vs. capillary pressure relations in capillary equilib-
rium. B) Both in drainage and in imbibition displacement the
non-wetting ﬂuid is the under higher pressure than the wetting
ﬂuid. C) In drainage the non-wetting ﬂuid is the displacing ﬂuid,
whereas in imbibition the wetting ﬂuid is the displacing ﬂuid.
Chattopadhyay et al. (2002) [9] perform an experimental
study about Effect of Capillary Pressure, Salinity and Aging on
Wettability Alteration in Sandstone and Limestone. They
perform centrifuge core ﬂow tests (Berea sandstone and Texas
Cream limestone) with a range of ﬂuids under different condi-
tions to identify the factors inﬂuencing the residual wetting and
non-wetting phase saturations and oil recovery. Results of their
tests conducted with Prudhoe Bay and Moutray crude oil show
that remaining water (Swr) and residual oil saturation (Sor) varyFig. 1. Fluid rise in capillary tube [5].systematically with Bond number for both sandstone and lime-
stone samples. Differences in the shape of the wetting phase
capillary desaturation curves were observed during primary and
secondary drainage. They represented that this suggests that the
distribution of ﬂuids in the rock during secondary drainage was
different from primary drainage due to a change inwettability of
the core from awater-wet state to mixed-wet state. These trends
were not observed with decane. They also expressed both
limestone and sandstone cores become more susceptible to
wettability alteration as the salinity is increased.
Masalmeh (2002) [10] studied the effect of wettability het-
erogeneity on the capillary pressure curves using the centrifuge
technique. Masalmeh In this work, created wettability hetero-
geneity in the core by partial ﬁlling of the pore space with oil,
which creates parts of different wetting in the core. The effect of
heterogeneous wettability on the capillary pressure was studied
in a systematic way using the centrifuge technique in combina-
tion with numerical simulation of the experimental data.
The results of his study showed that aging a core sample at
low oil saturation introduces signiﬁcant wettability alteration in
the pores ﬁlled with oil, while the rest of the core is not affected.
The results also suggest that aging time to restore wettability
may decrease as oil saturation increases.
Moreover, Masalmeh (2003) [11] investigated the effect of
wettability heterogeneity on drainage capillary pressure and
relative permeability by creating a special kind of mixed-wet
system where big pores have different wettability than small
pores. In the study, he found that only the part of the pore space
exposed to crude oil undergoes wettability changes on both core
scales and pore scale. Also, he found that a step in the Pc curve is
observed when oil moves from the oil-wet pores to the water-
wet pores. The step is mainly due to wettability contrast be-
tween the two parts of the plug and water trapping.
Esfahani and Haghighi (2004) [12] evaluated the wettability
of carbonate rock samples of Iranian formations using relative
permeability curves, Amott tests, and USBM method. They show
that there is a good agreement between USBM index and
AmotteHarvey index using the core ﬂooding system. There is
poor agreement between the USBM index and the AmotteHar-
vey index measured using the centrifuge.
Al-Garni and Al-Anazi (2008) [13] perform an experimental
study which irreducible oil saturation and capillary pressures
using rock centrifuge measurements for Berea Sandstone rock
samples. Saudi oils will be tested during drainage and imbibi-
tion's cycles by varying each time the wettability of the tested
samples by using different Saudi oils (Heavy, Medium, and Light).
The capillary pressure for the aged samples will be measured
again by the rock centrifuge. Hence, the changes in capillary
pressure curve before and after wettability alteration will be
obtained.
Sharma et al. (2013) [14] did an experimental study to change
the wettability of carbonate rock frommixed-wet toward water-
wet, at high temperature and high salinity. Three type of sur-
factant were used. Their obtained results showed: A) mixture of
cationic and nonionic surfactants can recover approximately
70e80% of the oil by spontaneous imbibition. B) Secondarywater
ﬂooding with a dilute wettability-altering surfactant increased
the oil recovery signiﬁcantly over the water ﬂooding without the
surfactants (from 29 to 40% of OOIP (Original Oil in Place)).
Mohammed and Babadagli (2015) [15] provided a systematic
approach for a wettability alteration processes. The subsequent
results are the some highlights from their study: A) Although
contact angle measurement gives a fast and economical mean to
evaluate the alteration of surfacewettability, the results might be
misleading; therefore, it should be integrated with another
M. Amirpour et al. / Petroleum 1 (2015) 289e299 291measurement tool. B) Spontaneous imbibition test is the most
reliable tool for wettability alterationmeasurement. The shape of
imbibition curve, ultimate oil recovery and the visualization of
the oil production from different core faces provide valuable
information to analyze the mechanisms of wettability alteration.
Finally, they presented that changing the wettability cause a
change in capillary pressure curves. Also, they said that Sor it
markedly increase by alteration the reservoir wettability from
oil-wet to water-wet.1.1. Data analysis for capillary pressure curve
Various functional ﬁts for capillary pressure curves for porous
medium have been offered by some authors including Van
Genuchten (1980) [16], Su and Brooks (1975) [17], and Brooks
and Corey (1964, 1966) [18,19]. The Brooks-Corey model for
primary drainage is given by Ref. [18]:
Pc ¼ PdðSeÞ1=l (3)
Where Pd is the entry pressure, l is the pore size distribution
index, and Se is an effective saturation given by:
Se ¼ Sw  Sr1 Sr (4)
Where Sw is the wetting phase saturation and Sr is a curve-ﬁtting
parameter intended to represent the irreducible wetting phase
saturation. The Van Genuchten model for primary drainage is
given by Ref. [16]:
Pc ¼ Po

S1=me  1
1=n
(5)
Where m, n, and Po are ﬁtting parameters and Se is given by:
Se ¼ Sw  SrSs  Sr (6)
Where Ss is thewetting phase saturation at the capillary pressure
equal to zero.
Fig. 2 presents the best ﬁt Brook-Corey and Van Genuchten
function to the laboratory data for capillary pressure test using
Vt/Vw¼ 1.05(Vw is the total volume of wetting phase removedFig. 2. Brooks-Corey and van Genuchten ﬁts to the capillary pressure curve for Vt/
Vw ¼ 1.05 [20].from the fracture during a test, and Vt is the assumed total vol-
ume of fracture).
Reitsma and Kueper (1994) [20], used the power low rela-
tionship of Brook and Corey, to model the capillary pressure:
Pc ¼ Pcd

Sw  Swc
1 Swc  Sor

(7)
Where Pcd is the capillary placement pressure, Swc is the connate
water saturation, and Sor is the residual oil saturation.
Jianchao Cai et al. (2014) [21], offered a model for the spon-
taneous imbibition by using various natural and engineered
materials including different rock types, ﬁbrous materials, and
silica glass. They presented equation that can generalize several
traditional and newly developed models. They comparison their
model with existing imbibition models, like: Handy model,
Benavente model, Li and Horne model, Aronofsky model and etc.
they presented model on accumulated imbibition weight (M),
versus time (t) which showed in following equation [21]:
M2 ¼ x
r2А2f2

Swf  Swi
2
raes cos q
2m
t (8)
Where x is an constant giving the rate of convergence, r is the
wetting liquid density, А is the cross sectional area of the porous
medium, f is the porosity, Swf is the imbibition saturation, Swi is
the initial wetting-phase saturation,rae is effective/average pore
radius, s is surface tension, q is contact angle, m is ﬂuid viscosity.
Their model, consider almost all of the properties of porous
media andwetting liquid and their interaction, which control the
process of spontaneous imbibition. The test results show that the
generalized model can be used to characterize the spontaneous
imbibition behavior of many different porous media and that
pore shape cannot be assumed to be cylindrical.
The purpose of this work is to investigate the performance of
the surfactant on the wettability alteration of reservoir rocks
through experimental studies. After core cleaning, selective
alteration of wettability, by aging sandstone and carbonates
crude oil were attained. Two nonionic surfactants including
Triton X-100 and Cedar (Zizyphus Spina Christi) were applied to
an aqueous phase. Capillary pressure and contact angle were
used to determine the wettability of rocks. Capillary pressures
were obtained via centrifuging and contact angles by using a
sessile drop method were measured.
The consequences of this work examined two quantitative
measurements of wettability. This can be useful in selection of
suitable surfactants for chemical EOR.2. Materials
2.1. Core sample and solid surface
Core materials were obtained from several sources. These
include high permeability outcrop sandstone from south ofTable 1
Properties of core samples.
Sample S A
Type Sandstone Carbonate
Diameter (cm) 3.8 3.7
Length (cm) 4.37 4.09
Dry weight (gr) 105.55 95.1
Porosity (%) 21 18.6
Permeability (md) 100 4
Fig. 3. Capillary pressure curves from centrifugal data, for USBM method [30].
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which was taken from Azadegan oil ﬁeld located in Khuzestan
state. Porosity and permeability of the cores were measured as
part of the characterization work. The pellets which prepare for
contact angle measurements were taken apart from mentioned
cores. Properties of these cores are illustrated in Table 1.
2.2. Aqueous phase
Subsequently early studies indicated that natural surfactant
will precipitate when using brine [22], the distillated water used
as aqueous phase in all the tests. The distilled water was product
in Petroleum University of Technology lab in Ahwaz.
2.3. Oil phase
A crude oil sample was obtained from Bangestan reservoir in
Binak oil ﬁeld (which placed in the south of Iran). Bangestan oil
density and viscosity at ambient temperature are 0.88 g/cm and
26 cp. respectively.
2.4. Surfactants
Two nonionic surfactants were used in this experimental
study. Initial surfactant is Triton X-100 which recognized
nonionic surfactant. Triton X-100 (C14H22O (C2H4O)n) is aTable 2
Contact angle data for treated samples.
Contact angle of treated samples
Rock type Sandstone Carbonate
Surfactant
Concentration (%) Cedar Triton X-100 Cedar Triton X-100
0 148 148 148.7 148.7
0.01 e 127 e 145.5
0.02 e 120 e 126.5
0.05 e 113.8 e 121.3
0.1 142.8 91.8 123 112.5
0.2 129.4 73.9 114 108.3
0.5 119 62.5 103 76.7
1 112 58 85.5 61.5
2 93.3 54 80.3 51.5
4 88.2 50 72.4 50.7
8 87.8 e 74.6 enonionic surfactant which has a hydrophilic polyethylene oxide
chain (on average it has 9.5 ethylene oxide units) and an aro-
matic hydrocarbon lipophilic or hydrophobic group [23,24]. The
second surfactant is Cedar (Zizyphus Spina Christi) which is an
innovative nonionic surfactant. Cedar is a tree with spiny
branches and small commonly found in Jordan, Iran, Iraq, and
Egypt. The concentration of saponins in Cedar is high [25e27].
Three cyclopeptide alkaloids, as well as, four saponin glycosides,
and several ﬂavonoids can be extracted from the leaves of Cedar
[27]. Saponin which is a biosurfactant is produced from the
leaves of Cedar. The leaves of Cedar were collected from the
south of Iran and the saponin extracted by spray dryer method.
The Total extracted powder contains Saponin and Flavonoids.
Powder has light brown color and soluble in water and alcohol
[25]. A few researches have been reported about the saponin as a
surfactant which can be used in petroleum engineering. In this
study, for the ﬁrst time, tried to show the effect of Cedar on oil
recovery and compared with another nonionic surfactant, via
two quantitative methods.
3. Methods
3.1. Core preparation
In the ﬁrst stage of these experiments, cores and pellets were
placed in the Soxhlet extractor, in order to clean to thewater-wet
state that existed before oil accumulated in the formation. They
were then oven dried and their dimensions and dry weights
were measured. Dried cores were placed in a Hassler-type core
ﬂood, vacuumed for four hours and saturated with distilled
water [3,4,and21]. Cores porosity and permeability was
measured. After that the water was displaced to the point of
irreducible water saturation (Swi), by ﬂooding the Bangestan oil.
3.2. Aging
Due to high viscosity and asphaltene content of Bangestan oil,
this ﬁltered oil used to altered the wettability of core plugs and
the pellets. These cores which saturated with the initial oil
saturation and irreducible water saturation, together pellets,
immersed in the crude oil. Then the samples were placed in the
oven at elevated temperature (around 60 C) for at least 100 h
[1,3].
3.3. Contact angle measurement
The contact angle method is the most widely-used method
for measuring the wettability between a pure ﬂuid and an arti-
ﬁcial core [28]. Many methods of contact angle measurement
have been developed, but the most common used in the petro-
leum industry is sessile dropmethod [29]. In thismethod, the ﬂat
surface of the pellet is suspended horizontally in the water and
placed a drop of oil on the bottom of the pellet. A photograph is
taken of the system for accurate measurement of the contact
angle (q) [3]. When q is between 0 and 60e75 in such a sys-
tem, it is deﬁned as water-wet. When q is between 180 and
105e120, the system is deﬁned as oil-wet. In the range of a
75e105 contact angle, the system is neutral-wet [28,30]. In this
study, initially, the contact angles of pellets were measured ac-
cording the mentioned sessile drop method. Via contact angle
method, the Critical Micelle Concentration (CMC) of the surfac-
tants was obtained. This obtaining had utility in next method of
the experiments (capillary pressure measurements). Finally, two
methods were compared to each other.̊
Fig. 4. Treated sandstone: A) in distilled water, B) in 0.5% wt. of TX-100, C) in 2% wt. of Cedar.
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In this step, capillary pressure was measured via core test
centrifuge. The core is saturated with liquid and then put in the
centrifuge and rotated at increasing speed. The speed of the
centrifuge is increased in steps, and average ﬂuid saturations at
each speed are calculated from observation of liquid produced.
The liquid volume is read with a stroboscope while centrifuge is
in motion, and the speed of the centrifuge is increased stepwise.
When the run is over the cores are removed andweighed [13,31].
The value of Pc for each centrifuge speed was computed from
Eq. (9). The average saturation for each core is obtained from the
dry and saturated weights and the corresponding pipette
reading. From these data, a smooth curve is prepared for each
core.
A complete capillary pressure curve by this method may be
obtained in a few hours, and several samples are runFig. 5. The contact angle of treated sandstone surfacessimultaneously. The method is claimed to be accurate, to reach
equilibrium rapidly, give good reproducibility, and is able to
produce high-pressure differences between phases [13,32].
PcðrÞ ¼ 12Dru
2

r22  r21

(9)
Where Pc is the capillary pressure in dynes/cm2, u is the angular
velocity of centrifuge in radians/s which u ¼ 2pN/60, and N is
revolutions per minute,r2 is outer radius and r1 is inner radius of
centrifuge and Dr is the difference between density of water
(rw) and oil (ro).3.5. USBM method
In this method drainage and imbibition capillary pressures
are measured through centrifuge tests [1]. The sample isat different concentration of nonionic surfactants.
Fig. 6. Treated Azadegan carbonate, A) in distilled water, B) in 1% wt. of Triton X100., C) in 4% wt. of Cedar.
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to irreducible water saturation (Swi) using the centrifuge. Af-
terward, the sample which contains initial oil saturation and
irreducible water saturation (Swi) is then centrifuged in water to
residual oil saturation (Sor). This is the process labeled the curve
I in Fig. 3. The sample, which now contains water and residual oil
saturation, is then centrifuged in oil to irreducible water satu-
ration. This is the process labeled curve II in Fig. 3. The USBM
wettability index is calculated as [1]:
USBM Wettability index ¼ Iw ¼ log

A1
A2

(10)
Consequently, a water-wet system has a larger area of the
water displaced by oil, curve (A1), than the area under the oil
displaced bywater; curve (A2), whichmeans that the value of the
logarithm is positive. In contrast, in an oil-wet system, the log-
arithm of the area ratio is negative. Finally, if A1 almost equal to
A2 the system is neutral-wet [29]. The USBM wettability index
ranges from 1 for a strongly oil-wet rock to þ1 for a stronglyFig. 7. The contact angle of treated Azadegan carbonate surwater-wet rock [1]. In this study instead curve І, the water was
displaced with oil to irreducible saturation via core ﬂood system,
and then the core was aged. After aging, the core placed in the
centrifuge and the other steps of USBM method was done
completely.
4. Results and discussion
4.1. Contact angle results
In this study, the wettability of the sandstone and carbonate
surfacewas evaluated by using contact anglemethod. At ﬁrst, the
contact angle measurements for pellets in the distilled water and
Bangestan oil were indicating of oil-wet condition (about
q ¼ 148). Then the contact angle of treated surface was
measured for different concentration of two surfactants. The
entire data of contact angle for sandstone and carbonate surface
are coming in Table 2.
The contact angle of aged sandstone pellets in Triton X-100
changed from 148 in distilled water to 62 at 0.5% wt. and then̊ ̊
faces at different concentration of nonionic surfactants.
Fig. 8. Drainage and imbibition capillary pressure plots: without surfactant, with Triton X-100, and with Cedar; on sandstone core S.
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was exposed when used the Cedar. The contact angle changed
from 148 in distilled water to 93 for 2% wt. of Cedar and this one
exposed no more effect for greater concentration of this surfac-
tant. The results are displayed in Figs. 4 and 5. It is explained in
the Fig. 4 which the solid black curve is the drop of oil. The drop
which located within light environment (which showing
distilled water) stick on the rock surface (in the Fig. 4 is a ﬂat
black colored surface).
Deal of spreading of oil drop on the rock surface represented
the deal of surface oil-wetness. In Fig. 4Awhich the sample put in
the distilled water, the oil drop almost entirely spread on the
rock surface; this means that the surface is oil-wet. While in
Fig. 4B and C, which surface soaking in the solution of TX-100
and Z. Spina Christi, respectively, the droplet create angle with
the surface. This indicates that altering thewettability of the rock
surface, from oil-wet toward water-wet. Because whatever the
oil drop going to orbing and separated from the rock surface,
indicate that unwillingness of rock to adsorbs oil drop and so on
tends to spread water over its surface.̊
̊ ̊
Fig. 9. Drainage and imbibition capillary pressure plots: without surfThe aged carbonate surfaces changed his contact angle from
q¼ 149 in distilled water to q¼ 61 at 1% wt. of Triton X-100. The
same effect of the change in contact angle was revealed with
Cedar that q changed from 149 in distilled water to q ¼ 72 at 4%
wt. of this surfactant. The results are displayed in Figs. 6 and 7.
4.2. Capillary pressure results
In this study, the water was displaced with oil to irreducible
saturation via core ﬂood system, and then the core was aged for
at least 100 hours. After aging, the core placed in the centrifuge
then the imbibition and the drainage steps of USBM method
were done completely.
The experiments contain three USBM test for sandstone
sample (S) in different solution of surfactants: 1) with distilled
water, 2) with Triton X-100, and 3) with Cedar and three tests
same to the speciﬁed experiments for carbonate sample was
done. For the consistency of surfactants in each test, were used
the values that obtained from contact angle tests. The results of
capillary pressure tests are presented in Figs. 8 and 9.̊ ̊
̊ ̊
actant, with Triton X-100, and with Cedar; on carbonate core A.
Table 3
Wettability alteration results of contact angle measurements.
Sample
type
Surfactants Without
surfactant
Cedar TX-100
Sandstone Contact angle () 148 93 62
Surfactant CMC (%wt.) e 2 0.5
Approximate Wettability Oil-wet Neutral-wet Water-wet
Carbonate Contact angle () 148.7 72 61
Surfactant CMC (% wt.) e 4 1
Approximate Wettability Oil-wet Slightly
Water-wet
Water-wet
Table 4
USBM curve's formulas for sandstone plug (S).
Surfactant Step Formula R square
Without surfactant Drainage y ¼ 16881x5þ 41712x440264x3þ 18983x24412.8xþ 420.18 1
Imbibition y ¼ 844.48x4þ 443.82x38.7301x2101.26xþ 9.9489 1
Cedar Drainage y ¼ 1743x44556.3x3þ 4374.8x21856.1xþ 302.13 1
Imbibition y ¼ 146.63x4164.93x334.196x2þ 19.712x2.1702 0.9997
Triton X-100 Drainage y ¼ 1309x43472.7x3þ 3455.1x21557.5xþ 277.41 0.9999
Imbibition y ¼ 720.44x4þ 713.64x3371.74x2þ 72.332x5.0251 0.9998
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centrifuge, maximum speed was 3300 RPM, to attained Sor and
Swi, a part of each drainage and imbibition process, was done by
coreﬂood system. Bold points of each plot were obtained by
centrifugation.
Endpoint of each plot, obtained by the coreﬂood system
which shown in Section 4.3.2. The capillary pressure of endpoint
of each plot is not really, thus their capillary pressure are given
assumptive.Fig. 10. Drainage and imbibition capillary pressure curves: without su4.3. Wettability alteration results
4.3.1. Measured by contact angle method
The result of contact angle measurements which showed
alteration of wettability by adding used surfactants, summarized
in Table 3.
According the results of contact angle tests with TritonX-100,
it had same treated in sandstone and carbonate rock, however,
the preeminent concentration of Triton X-100 in sandstone was
0.5% wt. but it was 1% wt. in carbonate rock. When the Triton X-
100 was applied in the solution, the wettability was changedfrom strongly oil-wet (q ¼ 148 ) toward water-wet (q ¼ 61 )
condition in two type samples.
This results also, displayed the Cedar was more effective in
carbonate samples, because of changing the wettability of
sandstone from strongly oil-wet (q ¼ 148 ) toward neutral-wet
(q ¼ 93 ) at 2% wt. on the other hand in carbonate samples the
wettability of rock, changing from strongly oil-wet (q ¼ 149 )
toward slightly water-wet (q ¼ 72 ) condition at 4% wt. of this
surfactant.̊ ̊
̊
̊
̊
̊
rfactant, with Triton X-100, and with Cedar; on sandstone core S.
Fig. 11. Drainage and imbibition capillary pressure curves: without surfactant, with Triton X-100, and with Cedar; on carbonate core A.
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surfactants, Triton X-100 is more effective than Cedar for alter-
ation the wettability of rocks to more water-wet condition on
sandstone sample, but they had almost same effect on carbonate
rock sample.4.3.2. Measured by USBM method
For measurements of alteration of wettability by capillary
pressure curves, USBM method was used. For using USBM
method, the centrifuge data is insufﬁcient. For plotted whole
capillary pressure curves, the trend line of curves obtained by
third, fourth and ﬁfth order polynomial equations. For this pur-
pose, these trend lines plotted according to the trends of past
study curves. By coreﬂood system, the endpoint of each curve
was attained. So despite the using low-speed centrifuge, the Sor
and Swi were obtained exactly for all experiments. The formulas
of the curves are coming in Table 4 and 5. The presumptive
trends of whole capillary pressure curves are shown in Figs. 10
and 11. By this curves, the wettability of rocks can be measured
by USBM method. Thus, this wettability can be compared with
wettability which obtained by contact angle method.Table 5
USBM curve's formulas for carbonate plug (A).
Surfactant Step Fo
Without surfactant Drainage y
Imbibition y
Cedar Drainage y
Imbibition y
Triton X-100 Drainage y
Imbibition yThese results of USBM measurements indicate that the
wettability in sandstone changed from slightly oil-wet to neutral
wet by use of two surfactants. In another hand, the surfactants
approximately had the same effect on changing thewettability of
sandstone rock.
The wettability of Azadegan carbonate rock by USBM mea-
surements, changed from slightly oil-wet, toward neutral-wet
for Z. Spina Christi. The wettability changed toward Neutral-
wet to slightly water-wet for TX-100. The results of USBM
measurements for understanding the alteration of wettability,
summarized in Table 6.4.4. Comparison between contact angle and USBM method
Comparison between wettability alteration of rocks, which
obtained by two mentioned methods are showing in Table 7.
According Table 7, the results of contact angle and USBM
methods are in one direction but the range of contact angle re-
sults are wider than USBM. This phenomenon can sense of the
different in the manner of measurement of two methods. Con-
tact angle gives the wettability of the surface, but USBMrmula R square
0 ¼ 12702x3þ 21697x212456xþ 2410.8 1
¼ 10776x3þ 13270x25606.4xþ 793.19 1
¼ 2633.7x3þ 5729.5x24307.9xþ 1112.4 0.9999
¼ 5853.2x3þ 7043.9x22896.8xþ 399.1 1
¼ 4749.9x3þ 9464.6x26424.2xþ 1495.8 1
¼ 5139.2x3þ 6396.4x22695xþ 377.49 1
Table 6
Wettability alteration results of USBM measurements.
Core Type Surfactants Without
surfactant
Cedar TX-100
Sandstone (S) Iw at CMC 0.26 0.11 0.03
Surfactant
CMC (% wt.)
e 2 0.5
Approximate
Wettability
Slightly Oil-wet Neutral-wet Neutral-wet
Carbonate (A) Iw at CMC 0.17 0.11 0.07
Surfactant
CMC (% wt.)
e 4 1
Approximate
Wettability
Slightly Oil-wet Neutral-wet Neutral-wet
Table 7
Comparison between the results of two methods of wettability alteration
measurements.
Surfactant Method Sandstone Carbonate
Without surfactant Contact angle Oil-wet Oil-wet
USBM Slightly oil-wet Slightly oil-wet
Cedar Contact angle Neutral-wet Slightly water-wet
USBM Neutral-wet Neutral-wet
Triton X-100 Contact angle Water-wet Water-wet
USBM Neutral-wet Neutral-wet
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measuring the wettability in the porous medium, the USBM
method is reliable than contact angle method.4.5. Effects of surfactant ﬂooding on residual oil saturation (Sor)
The results of measurements of Sor are given in Table 8. The
residual oil saturation (Sor) in sandstone core sample (S) was
reduced from 28% for distilled water ﬂooding to 24% for applying
2% wt. of Cedar in water and 18% for adding Triton X-100. In
carbonate core sample (A), the residual oil saturation reduced
from 36% for water ﬂooding to 29% for applying 4% wt. of Cedar
and 24% by 1%wt. ﬂooding of Triton X-100. These results showed
that the both surfactant have a good effects on reducing the Sor,
however the Triton X-100 is more effective than Cedar to
reducing the Sor in sandstone sample, but they revealed same
effect on carbonate core sample.5. Conclusions
This work demonstrates the effects of ﬂooding of two
nonionic surfactants on wettability alteration doing on sand-
stone and carbonate core samples. This wettability was
measured by contact angle and USBMmethods. According to the
results of this study:Table 8
The residual oil saturation results (Sor).
Core type Surfactants Without
surfactant
Cedar TX-100
Sandstone (S) Sor at CMC (%) 28 24 18
Surfactant CMC (%wt.) e 2 0.5
Sor reduction (%) e 14 35
Carbonate (A) Sor at CMC (%) 36 29 24
Surfactant CMC (%wt.) e 4 1
Sor reduction (%) e 19 33(1) Results from contact angle and USBM method had good
consistency, but not particularly exact; because of differ-
ences between the wettability on surface and in porous
media.
(2) Adding nonionic surfactant to distilled water, can altered the
wettability from oil-wet toward water-wet in both sand-
stone and carbonate rocks.
(3) Changing the wettability of a rock from oil-wet toward the
water-wet condition, affected the residual oil saturation in
rocks headed for more oil recovery of rocks.
(4) Triton X-100 had more effective than Cedar in sandstone for
altering the wettability, but they had an almost same effect
in carbonate rocks.
(5) The Zizyphus Spina Christy (Cedar) could be extracted from
lots of Cedar trees in the Middle-East by low cost. It can be
used in EORmethods, especially chemical ﬂooding in Iranian
carbonate reservoir.Acknowledgment
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